Abstract: Three index properties ͑liquid limit, sedimentation volume, and swell index͒ of two sodium bentonites from geosynthetic clay liners ͑GCLs͒ are correlated with the hydraulic conductivity ͑k͒ of the same GCLs to evaluate the suitability of index properties for evaluating chemical compatibility. Deionized water ͑DIW͒ and calcium chloride ͑CaCl 2 ͒ solutions were used for hydration ͑index tests͒ and permeation ͑hydraulic conductivity tests͒. In general, increasing the CaCl 2 concentration caused each index property to decrease and the hydraulic conductivity to increase relative to values obtained with DIW, with the strongest correlations obtained with the liquid limit. The correspondence between index properties and hydraulic conductivity differed by index property, the quality of the bentonite, and the effective stress applied during the hydraulic conductivity test. Thus, correlations used for compatibility assessments are specific to the bentonite in the GCL and the stress conditions being applied. Results of the study also show that appreciable changes in hydraulic conductivity can occur with little or no change in index properties and that the greatest changes in index properties may correspond to conditions causing low or modest changes in hydraulic conductivity. However, in this study, a critical threshold existed for each index property, beyond which further decreases in an index property correlated with substantial increases ͑ӷ10ϫ ͒ in hydraulic conductivity.
Introduction
The performance of earthen hydraulic barriers depends to a great extent on the hydraulic conductivity of the soil to the liquid being contained. Consequently, hydraulic conductivity tests are often conducted on the soil barrier material using the actual liquid to be contained or a liquid with representative properties. Such tests often are referred to as compatibility tests, because the primary objective of the test is to determine whether or not the barrier soil and permeant liquid are compatible, i.e., permeation with the liquid causes no significant change in hydraulic conductivity ͑Bow-ders et al. 1986; Bowders and Daniel 1987; Shackelford 1994; Shackelford et al. 2000͒ . In some cases, interactions between the permeating liquid and the soil can result in significant increases ͑Ͼ10ϫ ͒ in the hydraulic conductivity of the soil relative to that based on water ͑Mitchell and Madsen 1987; Shackelford 1994; Shackelford et al. 2000͒ .
The results of several studies have shown the need to perform compatibility tests until the effluent and influent have the same chemical composition to ensure that all possible interactions between the permeating liquid and the soil have occurred ͑e.g., Bowders and Daniel 1987; Daniel 1994; Shackelford 1994; Shackelford et al. 2000; Jo et al. 2005͒ . However, due to the low hydraulic conductivity typically required for barrier soils ͑i.e., ഛ10 −7 cm/ s͒, test durations required to achieve chemical equilibrium may be extensive, lasting months or even years, depending on the applied hydraulic gradient, the properties of the interacting liquid, and the mechanisms controlling the rate of reactions between the interacting liquid and the soil solids ͑e.g., Dobras and Elzea 1993; Daniel 1994; Imamura et al. 1996; James et al. 1997; Shackelford et al. 2000; Egloffstein 2001; Melchior 2002; Jo et al. 2005; Lee and Shackelford 2005͒ . Therefore, compatibility testing can be considered prohibitive from the standpoint of timeliness in engineering practice. An alternative approach that is more rapid and less expensive, yet qualitative, is to evaluate how index properties of the barrier soil ͑e.g., Atterberg limits, particle size, etc.͒ change when the liquid to be contained is used as the hydrating liquid during index testing. The underlying premise of these tests, which are referred to herein as surrogate compatibility tests, is that physicochemical changes that alter index properties also cause a change in hydraulic conductivity ͑Dunn and Mitchell 1984; Bowders 1985; Bowders et al. 1986; Bowders and Daniel 1987; Daniel et al. 1988; Acar and Olivieri 1989; Shackelford 1994; Narejo and Memon 1995; Shackelford et al. 2000; Jo et al. 2001͒ . An assumption that is often made, but generally has not been established, is that lack of a change in the properties from a surrogate compatibility test is indicative of compatibility between the permeant liquid and soil ͑e.g., the liquid has no effect on hydraulic conductivity͒, or vice versa.
The objective of this paper is to evaluate the use of surrogate compatibility tests in the form of index properties as indicators of the long-term hydraulic compatibility of geosynthetic clay liners ͑GCLs͒ permeated with inorganic solutions with nearly neutral pH. The research was conducted as part of a collaborative study between Colorado State University ͑CSU͒ and the University of Wisconsin-Madison ͑UW͒ investigating the long-term permeation of GCLs with nonstandard inorganic aqueous liquids. Liquid limit, sedimentation volume, and swell index were measured for sodium bentonites from two GCLs using deionized water and solutions containing a range of calcium chloride ͑CaCl 2 ͒ concentrations. Hydraulic conductivity tests were conducted on the GCLs using the same solutions, because CaCl 2 solutions are known to cause alterations in the hydraulic conductivity of GCLs containing sodium bentonite, and the magnitude of the alterations depends on the CaCl 2 concentration ͑Alther et al. 1985; Daniel et al. 1993; Shackelford 1994; Gleason et al. 1997; James et al. 1997; Melchior 1997; Quaranta et al. 1997; Ruhl and Daniel 1997; Lin and Benson 2000; Shackelford et al. 2000; Egloffstein 2001; Jo et al. 2001 Jo et al. , 2005 Vasko et al. 2001; Shan and Lai 2002; Kolstad et al. 2004; Jo et al. 2005; Lee and Shackelford 2005͒ .
Background
Liquid limit ͑LL͒ tests have been used by several investigators as surrogate compatibility tests ͑Bowders et Sridharan et al. 1986; Bowders and Daniel 1987; Daniel et al. 1988; Acar and Olivieri 1989; Edil et al. 1991; Shackelford 1994; Gleason et al. 1997; Petrov and Rowe 1997; Lin and Benson 2000; Sridharan and Prakash 2000͒ . Results of these studies generally have shown that an increase in cation valence and/or electrolyte concentration ͑inorganic chemical solutions͒ or a decrease in dielectric constant ͑aqueous solutions of organic compounds or non-aqueous phase liquids͒ causes the LL to decrease and the hydraulic conductivity to increase, with greater effects occurring for soils containing higher activity clays, such as bentonite. For example, Petrov and Rowe ͑1997͒ show that the LL of a bentonite from a GCL decreased from 530 to 96 as the sodium chloride ͑NaCl͒ concentration of the testing solution increased from 0 ͑i.e., water͒ to 2.0 M, and the hydraulic conductivity of the GCL increased from ϳ10 −9 to ϳ 10 −6 cm/ s for the same increase in NaCl concentration.
The rate or extent of sedimentation also has been used for surrogate compatibility testing ͑Dunn and Mitchell 1984; Bowders 1985; Bowders et al. 1986; Bowders and Daniel 1987; Ryan 1987; Benson 1989; Edil et al. 1991; Shackelford 1994͒ . These tests typically are similar to the particle-size distribution tests for fine-grained soils ͑i.e., ASTM D 422͒, except the permeant liquid in question is used instead of water, usually without a dispersing agent. The settling behavior typically is characterized by monitoring particle sedimentation using a hydrometer bulb ͑e.g., Dunn and Mitchell 1984͒ or by measuring the sedimentation volume as a function of time ͑e.g., Bowders 1985; Bowders et al. 1986; Bowders and Daniel 1987; Shackelford 1994͒ . Measurement of sedimentation volume is more common in the case of highly swelling soils, such as bentonite, because these soils tend to inhibit displacement of the hydrometer bulb ͑Shackelford 1994͒. For example, Dunn and Mitchell ͑1984͒ performed hydrometer tests and hydraulic conductivity tests on two silty clay soils using water and synthetic tailings leachate and found that the leachate caused larger apparent particle sizes, presumably due to flocculation. Hydraulic conductivity tests on the same soils showed significant increases ͑Ͼ10ϫ ͒ in hydraulic conductivity. Similarly, Bowders et al. ͑1986͒ found that increasing the methanol content in methanol-water mixtures beyond 80% ͑by volume͒ caused significant ͑10ϫ ͒ increases in hydraulic conductivity as well as more rapid settling of a kaolin clay in sedimentation tests. Similar results were reported by Ryan ͑1987͒ for two bentonites being considered for use in a soil-bentonite vertical cutoff wall.
Several studies also have shown that the swell index of bentonite is directly correlated with the hydraulic conductivity of bentonite-based GCLs ͑Didier and Comeaga 1997; Ruhl and Daniel 1997; Lin and Benson 2000; Shackelford et al. 2000; Egloffstein 2001; Jo et al. 2001; Shan and Lai 2002; Kolstad et al. 2004͒ . For example, the results of swell index tests on sodium bentonite from a GCL reported by Shackelford et al. ͑2000͒ and Jo et al. ͑2001͒ show that swell index of the bentonite is sensitive to the cation valence and/or electrolyte concentration in a manner that is consistent with changes in the thickness of the adsorbed layer of cations. The hydraulic conductivity of the GCL also increased when permeated with stronger electrolyte solutions ͑i.e., higher cation valence and/or electrolyte concentration͒. That is, a decrease in swell index corresponded with an increase in hydraulic conductivity, with greater decreases in swell index correlated with greater increases in hydraulic conductivity.
Materials and Methods

Geosynthetic Clay Liners
Two GCLs containing chemically untreated bentonites with different montmorillonite contents were used in this study. Both GCLs consist of a thin layer of granular sodium bentonite sandwiched between two polypropylene geotextiles held together by needle-punched fibers. Both GCLs are 6 mm thick in the air-dried condition. The bentonites from both GCLs classify as high plasticity clays ͑CH͒ based on the Unified Soil Classification System ͑ASTM D 2487͒. However, one GCL contained higher quality bentonite ͑HQB͒ in terms of greater sodium montmorillonite content ͑86% versus 77%͒, higher plasticity index ͑548 versus 393͒, and greater cation exchange capacity ͑93 meq/ 100 g versus 64 meq/ 100 g͒ relative to the GCL containing the lower quality bentonite ͑LQB͒. The percentage of sodium on the exchange complexes of both bentonites is approximately the same ͑i.e., 75% for the HQB and 74% for the LQB͒. The bentonite masses ͑ASTM D 5993͒ were 5.1 kg/ m 2 for the GCL with LQB and 4.6 kg/ m 2 for the GCL with HQB. Tests at UW were performed using the GCL with LQB, whereas tests at CSU were performed using both GCLs. Further details regarding the properties and mineralogical compositions of both bentonites are provided by Lee and Shackelford ͑2005͒.
Testing Liquids
The liquids used in the experiments consisted of deionized water ͑DIW͒ and CaCl 2 solutions. The CaCl 2 solutions were prepared by dissolving CaCl 2 ͑powdered, Ͼ96% pure, Sigma-Aldrich Co., St. Louis͒ in DIW to yield solutions with CaCl 2 concentrations of 5, 10, 20, 50, 100, and 500 mM. This range of concentrations was selected so that a broad range of hydraulic conductivities would be obtained ͑Jo et al. 2005͒. The CaCl 2 solutions prepared at CSU and UW were essentially identical, with pH ranging from 5.7± 0.5 for the 5 mM CaCl 2 solution to 6.5± 0.2 for the 500 mM CaCl 2 solution, and measured electrical conductivity ͑EC͒ at 25°C ranging from 123± 2.1 mS/ m for the 5 mM CaCl 2 solution to 7,690± 30 mS/ m for the 500 mM CaCl 2 solution. However, the DIWs used at CSU and UW differed slightly, with the DIW used at UW ͑ECХ 0.04 mS/ m͒ classifying as Type II per ASTM D 1193 ͑ECഛ 0.1 mS/ m͒, and the DIW used at CSU ͑ECХ 0.21 mS/ m͒ classifying as Type IV ͑ECഛ 0.5 mS/ m͒. Nonetheless, the calcium ͑Ca 2+ ͒ concentrations in both DIWs were determined to be below the method detection limit of 0.02 mg/ L ͑EPA Method 200.7, U.S. EPA 1994͒.
Hydraulic Conductivity Testing
Specimens of each GCL were permeated with the DIW and CaCl 2 solutions in flexible-wall permeameters using the falling-head procedure in accordance with ASTM D 5084-Method B ͑i.e., falling head, constant tailwater elevation͒. Specimens were trimmed to a nominal diameter of 102 mm and assembled in the permeameters using the procedure described by Daniel et al. ͑1997͒ to prevent short circuiting through the geotextiles at the edge of the GCL. Backpressure was not used so that effluent liquid could be collected conveniently for EC and solute concentration measurements.
For all tests using DIW as the permeant liquid, the tests were conducted at least until the termination criteria specified in ASTM D 5084 were achieved. For all tests using CaCl 2 solutions, the tests were continued at least until chemical equilibrium was established ͑e.g., Bowders et al. 1986; Daniel 1994; Shackelford et al. 1999 . Chemical equilibrium was considered to have been established when EC of the effluent was within ±10% of the influent EC as recommended by Shackelford et al. ͑1999͒ and in accordance with ASTM D 6766, and the concentrations of both chloride ͑Cl − ͒ and calcium ͑Ca 2+ ͒ in the effluent were within ±10% of those in the source solutions. These chemical equilibrium requirements resulted in testing durations lasting from less than 1 day to more than 900 days with longer testing durations required for tests using lower CaCl 2 solutions ͓see Jo et al. ͑2005͒ and Lee and Shackelford ͑2005͔͒.
The same methods for hydraulic conductivity testing were used at CSU and UW except for slight differences in the average effective stress ͑23.5 kPa at CSU versus 16.2 kPa at UW͒ and the average hydraulic gradient ͑200 at CSU versus 130 at UW͒. Although these hydraulic gradients are higher than the maximum gradient ͑i.e., 30͒ stipulated in ASTM D 5084, the use of elevated hydraulic gradients was considered desirable from a practical viewpoint to minimize the test durations required to achieve chemical equilibrium between the effluent and influent. Indeed, as will be shown subsequently, the tests using the 5, 10, and 20 mM CaCl 2 solutions as permeant liquids still required from 139 to 934 days of permeation to achieve chemical equilibrium. In addition, hydraulic gradients ranging from 50 to 600 typically are used for measuring the hydraulic conductivity of GCLs ͑e.g., Shan and Daniel 1991; Daniel et al. 1993; Didier and Comeaga 1997; Petrov and Rowe 1997; Petrov et al. 1997a,b; Quaranta et al. 1997; Ruhl and Daniel 1997; Lin and Benson 2000; Shackelford et al. 2000͒ . As shown by Shackelford et al. ͑2000͒ , the use of such elevated hydraulic gradients for permeating GCLs with nonstandard liquids ͑i.e., liquids other than water͒ does not appear to have a significant effect on the hydraulic conductivity of GCLs, because the hydraulic conductivity of GCLs appears to be affected to a greater extent by average effective stress than by the magnitude of hydraulic gradient due to the relative thinness of GCLs. Further details of the methods used for hydraulic conductivity testing are provided by Jo et al. ͑2005͒ and Lee and Shackelford ͑2005͒.
Index Property Testing
Liquid Limit
Liquid limit ͑LL͒ tests for the bentonites taken from the two GCLs were conducted following the procedure in ASTM D 4318 ͑Method A, multipoint test͒ using DIW and solutions with CaCl 2 concentrations ranging from 5 to 500 mM. Specimens were prepared by mixing air-dried bentonite with each testing liquid thoroughly for more than 30 min. The moistened bentonite was placed in sealed plastic bags and stored in a humidity-controlled chamber ͑i.e., relative humidity= 90± 5% and temperature =20±1°C͒ for at least 16 h of tempering prior to testing. After the tempering, the bentonite was remixed thoroughly for at least 15 min before performing the first trial. A minimum of six trials was performed for each testing liquid to produce successive numbers of blow counts between 15 and 35 by repeatedly adding DIW or a CaCl 2 solution, remixing, tempering, and remixing. All of the LL tests were conducted at CSU.
Sedimentation Volume
Sedimentation tests were conducted using both DIW and CaCl 2 solutions with concentrations ranging from 5 to 500 mM and 30 g of air-dried bentonite from both GCLs. Dispersing agent was not added. Suspensions were prepared by mixing air-dry bentonite in a mechanical mixer ͑Model 936, Hamilton Beach/ProctorSilex, Inc., Washington, N.C.͒ for 1 min with DIW or a CaCl 2 solution. A sedimentation ͑hydrometer͒ cylinder then was filled with the suspension to the 1,000 mL mark, and allowed to stand for at least 16 h before the start of a sedimentation test to ensure more extensive exposure of the bentonite to the liquid. After the standing period, the suspension was shaken vigorously for 1 min as per ASTM D 422. All of the sedimentation tests were conducted at CSU.
Due to the high swelling potential of sodium bentonite, sedimentation volume was measured in lieu of hydrometer bulb readings. The volume of sedimentation per 30 g of air-dried bentonite in 1 mL/ 30 g was determined by measuring with a ruler the depositional height ͑i.e., distance from the bottom to the interface between the suspension and the supernatant͒ at 24 h. The upper bound on the sedimentation volume is limited to the volume of the sedimentation cylinder ͑i.e., 1,000 mL͒, and corresponds to no discernable settlement in 24 h. A sedimentation duration of 24 h was considered to be consistent with the test durations for the other index tests as well as feasible from a practical viewpoint in terms of the use of surrogate compatibility tests in engineering practice.
Swell Index
Swell index tests were performed at both CSU and UW following the methods in ASTM D 5890 using both DIW and the CaCl 2 solutions. Swell index tests were performed on both bentonites at CSU, whereas tests were performed only on the LQB at UW. Air-dried bentonite for the tests was crushed with a mortar and pestle, passed through a No. 200 U.S. Standard Sieve, and then oven-dried at 105°C for 24 h. Approximately 90 mL of each testing liquid was added to a 100-mL graduated cylinder. Then, 2.0 g of the oven-dried bentonite were dusted over the surface of the testing liquid in the graduated cylinder in less than 0.1-g increments. Each increment of bentonite was added over a period of 30 s with a minimum standing period of 10 min between each increment. Afterwards, additional testing liquid was used to rinse any particles adhering to the sides of the cylinder and to fill the cylinder to the 100-mL mark. The swell volume of bentonite per 2.0 g of bentonite in 1 mL/ 2 g was measured after an elapsed time of 16 h, i.e., the minimum hydration period required by ASTM D 5890.
Results
Hydraulic Conductivity
All of the hydraulic conductivities are summarized in Table 1 . The hydraulic conductivity values for the tests using CaCl 2 solutions correspond to those at chemical equilibrium with the permeant liquid as previously defined. As shown in Table 1 , the hydraulic conductivity ͑k͒ of the GCL with the LQB based on permeation with DIW measured at UW of 1.7ϫ 10 −9 cm/ s is slightly lower than the average value of 2.3ϫ 10 −9 cm/ s measured at CSU, even though the average effective stress for the test at UW ͑i.e., 16.2 kPa͒ was lower than that at CSU ͑i.e., 23.5 kPa͒. This relatively minor difference in k may be attributed to the natural variation resulting from measuring the hydraulic conductivity of the same GCL to water in different laboratories ͑e.g., see Daniel et al. 1997͒ , and/or to the slightly greater ionic strength for the DIW used at CSU relative to that used at UW as reflected by the aforementioned difference in the measured EC values for the two DIWs. Further discussion of the data obtained from the hydraulic conductivity tests is given by Jo et al. ͑2005͒ and Lee and Shackelford ͑2005͒. Averages of the hydraulic conductivities given in Table 1 are shown as a function of the CaCl 2 concentration for the permeant liquid in Fig. 1 . In general, the trends in hydraulic conductivity ͑k͒ with CaCl 2 concentration ͓Fig. 1͑a͔͒ are similar for both GCLs and both testing laboratories, with a relatively gradual increase in k with increasing CaCl 2 concentration up to 20 mM CaCl 2 , followed by a more significant increase in k with further increase in CaCl 2 concentration. The increase in k with increasing CaCl 2 concentration is consistent with the results of previous studies and is attributed to a decrease in thickness of the adsorbed layer of cations and compression of the interlayer region of the bentonite, resulting in larger intergranular pores and higher k ͑Gleason et al. 1997; Petrov and Rowe 1997; Lin and Benson 2000; Shackelford et al. 2000; Jo et al. 2001 At all CaCl 2 concentrations, the k measured at CSU for the GCL with LQB is similar to, but slightly lower ͑ഛ3.3ϫ ͒ than, the k measured at UW, except for the specimens permeated with the 50 mM CaCl 2 solution, where the average k measured at CSU is ϳ90ϫ lower than the single value of k measured at UW. The consistently lower k measured at CSU for a given CaCl 2 concentration may be attributed, in part, to the higher average effective stress applied at CSU ͑23.5 kPa͒ relative to that at UW ͑16.2 kPa͒, although this difference in effective stress ͑7.3 kPa͒ is small. Fernandez and Quigley ͑1991͒ and Shackelford et al. ͑2000͒ show that the effects of chemical interactions on k are reduced when the effective stress is higher.
The hydraulic conductivities for each GCL normalized with respect to that based on permeation with DIW ͑k w ͒ are shown in Fig. 1͑b͒ as a function of the CaCl 2 concentration in the permeant liquid. The CaCl 2 concentrations corresponding to 10ϫ and 100ϫ increases in hydraulic conductivity ͑i.e., k / k w = 10 and k / k w = 100͒ for each GCL based on log-log linear interpolation also are shown as numerals in Fig. 1͑b͒ . Due to the aforementioned difference in k w measured at the two different laboratories ͑i.e., CSU and UW͒, any factors contributing to the difference in k w are also assumed to be inherent in the measured k based on permeation with the CaCl 2 solution such that normalizing k relative to k w measured at the same respective laboratory results in consistent trends.
In general, the CaCl 2 concentration corresponding to increases in k of 10ϫ and 100ϫ decreases with the type of bentonite in the GCL in the order HQBϽ LQB ͑UW͒ Ͻ LQB ͑CSU͒. Thus, in the sense that a lower concentration of CaCl 2 in the permeant liquid required to result in a given change in k correlates with a greater susceptibility of the bentonite in the GCL to chemical attack, the GCL with HQB is more susceptible than is the GCL with LQB tested at UW, which is subsequently more susceptible than the GCL with LQB tested at CSU. Despite the lower mass per unit area for the HQB relative to the LQB, the greater susceptibility of GCL with HQB relative to the GCL with LQB can be attributed to the higher quality of the bentonite in the GCL with HQB ͑Lee and Shackelford 2005͒, whereas the greater susceptibility of the GCL with LQB tested at UW relative to the GCL with LQB tested at CSU may be attributed, in part, to the aforementioned slight difference in effective stresses used in the two laboratories.
Index Properties
Liquid Limit
Results of the LL tests performed using bentonites from both GCLs are shown in Fig. 2 . As the CaCl 2 concentration increases from 0 ͑DIW͒ to 500 mM, the LL for the LQB decreases from 430 to 106 and the LL for the HQB decreases from 589 to 102 ͓Fig. 2͑a͔͒. The decrease in LL with increasing CaCl 2 concentration can be attributed to the increasing predominance of calcium ͑Ca 2+ ͒ on the exchange complex of the bentonite particles resulting from cation exchange with sodium ͑Na + ͒ that causes stronger net interparticle forces ͑Lambe and Whitman 1969͒.
As shown in Fig. 2͑b͒ , the ratio of the LL obtained with the CaCl 2 solutions to that based on DIW ͑LL/ LL w ͒ decreases as the CaCl 2 concentration increases for both bentonites. Moreover, LL/ LL w for the HQB is higher by ϳ0.08 than LL/ LL w for the LQB for the 5, 10, and 20 mM CaCl 2 solutions, whereas for the 50, 100, and 500 mM CaCl 2 solutions, LL/ LL w for the HQB is lower by ϳ0.08 than LL/ LL w for the LQB. Thus, although there is a noticeable difference between the absolute magnitudes in the LL values of the two bentonites for CaCl 2 concentrations ഛ50 mM, there is little or virtually no difference in the ratio LL/ LL w .
Sedimentation Volume
Results of the sedimentation tests are shown in Fig. 3 . As shown in Fig. 3͑a͒ , the sedimentation volume ͑SV͒ for both bentonites Fig. 1 . Results of hydraulic conductivity ͑k͒ tests performed on the GCLs with water and CaCl 2 solutions: ͑a͒ k and ͑b͒ k based on any testing liquid to k based on water ͑LQB= lower quality bentonite; HQB= higher quality bentonite; CSU= Colorado State University; and UW= University of Wisconsin͒ equals the volume of the sedimentation cylinder ͑i.e., 1,000 mL/ 30 g͒ for the tests with DIW and for the test performed using the HQB with the 5 mM CaCl 2 solution ͑i.e., no discernable settlement occurred for these three tests͒. In contrast, the 5 mM CaCl 2 solution resulted in a SV of 862 mL/ 30 g for the LQB. As the concentration increases, the SV decreases from 1,000 g to 168 mL/ 30 g ͑LQB͒ and 117 mL/ 30 g ͑HQB͒ at the highest concentration. This decrease in SV with increasing CaCl 2 concentration is consistent with the results of previous studies and is attributed to compression of the adsorbed layer of cations resulting in the formation of flocs of particles, more rapid settling, and lower SV ͑Dunn and Mitchell 1984; Bowders and Daniel 1987; Shackelford 1994͒ .
The ratio of the SV obtained with the CaCl 2 solutions to that based on DIW ͑SV/ SV w ͒ is shown in Fig. 3͑b͒ . The SV/ SV w decreases as the CaCl 2 concentration increases for both bentonites. In addition, SV/ SV w typically is higher for the LQB ͑0.05-0.38͒ than SV/ SV w for the HQB ͑i.e., except for the 5 mM CaCl 2 solution, for which the SV/ SV w = 1.0 and 0.86 for LQB and HQB, respectively͒. These differences reflect the aforementioned differences in the qualities of the two bentonites.
Swell Index
Results of the swell index ͑SI͒ tests are shown in Fig. 4 . The SI for the HQB decreases from 30.0 to 7.5 mL/ 2 g as the CaCl 2 concentration increases from 0 ͑DIW͒ to 500 mM ͓Fig. 4͑a͔͒. The trends in SI with CaCl 2 concentration are similar for the LQB, with the average value for SI between the two laboratories decreasing from 26.8 to 7.8 mL/ 2 g as the CaCl 2 concentrations increases from 0 ͑DIW͒ to 500 mM. In fact, for the LQB, the SI measured at both laboratories are close ͑Ͻ13% difference͒, except for the tests performed with the 5 mM CaCl 2 solution Fig. 2 . Results of liquid limit ͑LL͒ tests performed on bentonites taken from two GCLs with water and CaCl 2 solutions: ͑a͒ LL and ͑b͒ LL based on any testing liquid to LL based on water ͑LQB= lower quality bentonite; HQB= higher quality bentonite; and MDL= method detection limit͒ Fig. 3 . Results of sedimentation volume ͑SV͒ tests performed on the bentonites taken from two GCLs with water and CaCl 2 solutions: ͑a͒ SV and ͑b͒ SV based on any testing liquid to SV based on water ͑LQB= lower quality bentonite; HQB= higher quality bentonite; and MDL= method detection limit͒ The ratio of SI obtained with the CaCl 2 solutions to that based on DIW ͑SI/ SI w ͒ decreases as the CaCl 2 concentration increases for both bentonites ͓Fig. 4͑b͔͒. Except at 5 mM, the relationship between SI/ SI w and CaCl 2 concentration is nearly unique. Thus, similar to LL/ LL w but unlike SV/ SV w , the difference in the quality of the two bentonites does not affect significantly the trend between SI/ SI w and CaCl 2 concentration.
Discussion
Comparisons between the hydraulic conductivities of the GCLs and the LLs, SVs, and SIs are shown in Figs. 5 and 6 in terms of individual values and as ratios of values normalized with respect to the value based on DIW, respectively. The correlations between hydraulic conductivity ͑k͒ and the index properties shown in Figs. 5 and 6 are similar regardless of the type of index property or GCL, and can be separated into three distinct regions. First, an initial increase in k correlates with relatively little or no change in an index property. Second, greater decreases in the index property correlate with little change in k until some limiting value of an index property is reached. Third, further decreases in an index property below the limiting value correlate with substantial increases ͑ӷ10ϫ ͒ in k. However, each trend shown in Figs. 5 and 6 is unique to the type of index property, the quality of the bentonite in the GCL, and the effective stress used in the hydraulic conductivity tests for a given GCL.
These three regions are more evident when the logarithm of k / k w is plotted versus the percentage decrease in an index property relative to that for DIW, as shown in Fig. 7 . For both GCLs, increases in k occur with little or no percentage decrease in index properties in the first region. In the second region, little change in k occurs, even though significant percentage decreases in the index properties occur. The third region occurs after the percent- Fig. 5 . Correlations between hydraulic conductivity and three index properties for tests performed using two GCLs ͑LQB= lower quality bentonite; HQB= higher quality bentonite; CSU= Colorado State University; and UW= University of Wisconsin͒   Fig. 6 . Correlations between hydraulic conductivity ratios and index property ratio for three index properties based on the tests performed using two GCLs ͑LQB= lower quality bentonite; HQB= higher quality bentonite; CSU= Colorado State University; and UW= University of Wisconsin͒ age decrease in the index property reaches a limit, beyond which substantial increases ͑ӷ10ϫ ͒ in k occur. This point is referred to herein as the "critical threshold." For example, for the GCL with HQB, the k increases slightly more than an order of magnitude with no decrease in SV, which is followed by no change in k as the percentage decrease in SV increases from 0 to 79%, followed by a significantly greater increase in k as the percentage decrease in SV exceeds 79% ͑i.e., the critical threshold͒.
The behavior in the first region, where the hydraulic conductivity increases but no change in index properties occurs, probably reflects differences in equilibration time in the hydraulic conductivity tests and the index tests. This behavior was observed for the permeant liquid with low concentration ͑5 mM CaCl 2 ͒. Changes in hydraulic conductivity caused by permeation with solutions this dilute generally occur after years of permeation and tens of pore volumes of flow because of the slow rate at which cations diffuse in and out of the interlayer space in montmorillonite ͑Jo et al. 2005; Lee and Shackelford 2005͒. However, index tests are conducted relatively quickly such that the time available for sufficient diffusion into the interlayer region for dilute solutions is insufficient. In contrast, at higher concentrations such as those corresponding to the third region in Fig. 7 , diffusion occurs more rapidly due to the elevated concentration gradient between the bulk pore water and the interlayer water. Consequently, changes occur in both the hydraulic conductivity and the index properties. For the second region corresponding to intermediate concentrations, an increase in concentration apparently is insufficient to affect significantly the hydraulic conductivity of the GCL, whereas a more substantial effect ͑decrease͒ in index property occurs. This difference in behavior likely is due, in part, to the difference in exposure of the bentonite particles to the liquid, since the gravimetric water contents ͑i.e., liquid-to-solid ratios by weight͒ for the index tests are greater than those for the GCLs in the hydraulic conductivity tests, resulting in greater exposure of the bentonite particles to the liquid in the case of the index properties.
When only the CSU data are considered, the critical thresholds vary in the order LLϽ SIϽ SV. Thus, the LL apparently is the most sensitive among the three index properties in that greater decreases in SI and SV relative to LL would be required before substantial increases in k can be assumed. When the UW data are included in the comparison, SI could be inferred to be the most sensitive index property. For example, the critical threshold for SI is 38% for the UW data, whereas the critical threshold for LL ͑measured at CSU͒ is 54%. This difference likely reflects, in part, the lower effective stress applied in the hydraulic conductivity tests performed at UW relative to those conducted at CSU ͑Jo et al. 2005͒. For example, when the index properties measured at CSU for the LQB are used with the hydraulic conductivities measured at UW, the same order exists for the critical thresholds ͑LLϽ SIϽ SV͒.
The LL probably is more sensitive than SI or SV because the LL is strongly affected by net interparticle forces, which are controlled by interparticle distances. Concentration of the hydrating liquid affects interparticle distance because the thickness of the adsorbed layer of cations on the outer surfaces of montmorillonite is strongly influenced by electrolyte concentration ͑Mitchell 1993͒. In contrast, SI is controlled by expansion and contraction of the interlayer region, which may not be fully realized in a short term index test due to the diffusion limitations mentioned previously. The reason for the lower sensitivity of SV is not immediately apparent, but the lower sensitivity may reflect the shorter equilibration time of the SV test ͑30 h total͒ relative to the liquid limit test ͑80 h total for 5 data points͒.
The critical thresholds also are a function of bentonite quality. Comparison of the CSU data in Figs. 7͑a and b͒ shows that critical thresholds for the GCL with HQB are less than or equal to those for the GCL with LQB. That is, significant changes in k occur with lower changes in index properties for the GCL with HQB, which reflects the greater susceptibility of the HQB to chemical attack ͑Lee and Shackelford 2005͒.
The effects of bentonite quality and effective stress are further illustrated in Fig. 8 , where the order-of-magnitude increase in k is shown as a function of the percent decrease in index property for each index property. Two observations are readily apparent from the data shown in Fig. 8 . First, the critical threshold is independent of bentonite quality for SV, but depends on bentonite quality for LL and SI. Second, at least for SI, the influence of effective stress appears to be more significant than the effect of bentonite quality. For the CSU data, the critical thresholds for SI differ by only 11% for the GCL with HQB and the GCL with LQB ͑61% versus 50%͒, whereas the critical threshold for SI for the GCL with LQB obtained from CSU ͑higher effective stress͒ and UW ͑lower effective stress͒ differ by 23% ͑61% versus 38%͒.
The results from this study are compared with the results of the study by Jo et al. ͑2001͒ in Fig. 9 in terms of the free swell ratio ͑FSR͒, defined as the free swell volume, S c , in the salt solution divided by the volume of solids in 2 g of air-dried bentonite, V db ͑i.e., FSR= S c / V db ͒. The results reported by Jo et al. ͑2001͒ were based on tests performed using specimens of a single GCL containing granular bentonite using DIW and single-species salt solutions consisting of the chloride salts of several cations ͑Na + , K + , Li + , Ca 2+ , Mg 2+ , Zn 2+ , Cu 2+ , La 3+ ͒ with concentrations ranging from 5 to 1,000 mM. However, to be consistent with this study, only the results based on water and CaCl 2 solutions are shown in Fig. 9 . In comparison with this study, Jo et al. ͑2001͒ used the same methods for k and swell index testing, except for Correlations between logarithm of the hydraulic conductivity ratio and the relative decrease in liquid limit ͑LL͒, sedimentation volume ͑SV͒, and swell index ͑SI͒ ͑LQB= lower quality bentonite; HQB= higher quality bentonite; CSU= Colorado State University; and UW= University of Wisconsin͒ slight differences in their average effective stress ͑i.e., 20.0 kPa͒, average hydraulic gradient ͑i.e., 100͒, and termination criteria ͑i.e., 0.90Ͻ pH out /pH in Ͻ 1.10 and 0.90Ͻ EC out /EC in Ͻ 1.10͒.
As shown in Fig. 9 , the trends in the data are essentially the same, except the results from Jo et al. ͑2001͒ show a more gradual increase in k with decrease in FSR than the results in this study. This more gradual increase in k may be attributed, in part, to differences in montmorillonite content. Bentonite in the GCL tested by Jo et al. ͑2001͒ contained 67% montmorillonite, whereas bentonite in the GCLs tested in this study contained 77% montmorillonite ͑LQB͒ or 86% montmorillonite ͑HQB͒. That is, lower montmorillonite content correlates with a lower susceptibility of the bentonite to chemical attack upon exposure to salt solutions ͑Lee and Shackelford 2005͒.
Based on their results, Jo et al. ͑2001͒ proposed a threshold FSR of 20 as a criterion for determining whether or not a GCL would be susceptible to increases in k, with FSRജ 20 representing potentially no or moderate effect on k ͑i.e., k / k w Ͻ 10͒, and FSRϽ 20 representing the potential for a significant effect on k ͑i.e., k / k w Ͼ 10͒. As shown in Fig. 9͑a͒ , their criterion is consistent with the results for the GCL with the LQB tested in this study such that a FSRജ 20 correlates with relatively moderate changes in k ͑i.e., k / k w Ͻ 10͒. However, as shown in Fig. 9͑a͒ , the results of this study are not in total agreement with the criterion proposed by Jo et al. ͑2001͒. For example, for the GCL with HQB, a FSR= 20 correlates with a relatively significant change in k ͑i.e., k / k w Ϸ 24͒. Thus, for the specific test results of this study, the criterion proposed by Jo et al. ͑2001͒ was found to be valid provided ͑1͒ moderate changes in k ͑i.e., k / k w Ͻ 10͒ for the GCL are considered acceptable for FSRജ 20, ͑2͒ the quality of the bentonite in the GCL is such that the montmorillonite content is ഛ77%, and ͑3͒ the average effective stress in the GCL during hydraulic conductivity testing is ജ16.2 kPa.
As shown in Fig. 9͑b͒ , the critical threshold for FSR from Jo et al. ͑2001͒ falls between those for the GCL with LQB tested at CSU and the GCL with LQB tested at UW and follows the same order as the effective stresses used in the hydraulic conductivity tests. That is, effective stress apparently plays a significant role in terms of the correlation between an index property and the k. However, as the montmorillonite content in the bentonite increases, the potential for log ͑k / k w ͒ being Ͼ1 with little or no change in FSR increases.
Conclusions
This study evaluated the use index properties ͑liquid limit, sedimentation volume, and swell index͒ of bentonite hydrated with chemical solutions as surrogate measures of the effect of chemical solutions on the hydraulic conductivity of two GCLs. One GCL contained higher quality bentonite ͑HQB͒ and the other lower quality bentonite ͑LQB͒. Calcium chloride ͑CaCl 2 ͒ solutions were used for the testing program because these solutions are known to alter the hydraulic conductivity of GCLs. In general, an increase in CaCl 2 concentration resulted in a decrease in liquid limit ͑LL͒, sedimentation volume ͑SV͒, or swell index ͑SI͒, and an increase in hydraulic conductivity ͑k͒ of the GCL. However, little or no change in an index property did not necessarily ensure that there was no change in k, and significant changes in an index property occurred without significant changes in k. Nevertheless, for all index properties, a critical threshold existed for each index property, beyond which increases in k were substantial ͑ӷ10ϫ ͒. Increases in k ranging from approximately two to four orders of magnitude were observed for decreases in an index property beyond the critical threshold.
The aforementioned correlations between changes in index properties and increases in k are functions of the type of index property, the quality of the bentonite, and the effective stress used when measuring k. The LL was found to be the most sensitive among the three index properties, in that greater decreases in SI and SV relative to LL were required before substantial increases in k occurred. Significant increases in k occurred with lower decreases in an index property for the GCL with HQB, reflecting the greater susceptibility of the HQB to chemical attack relative to the LQB. Use of a higher effective stress tended to mask any adverse effects of the permeant liquid on k, although the range in effective stresses evaluated in this study was small ͑i.e., from 16.2 to 23.5 kPa͒. As a result, the critical threshold in a given index property is higher when the correlation between the index property and k is based on hydraulic conductivity tests performed at a higher effective stress. Results of this study also showed that the effective stress used in the hydraulic conductivity testing can play a significant role in terms of the correlation between an index property and k. Consequently, when index tests are used as surrogate compatibility tests, the criteria used to evaluate compatibility must be specific to the bentonite being evaluated and the effective stress anticipated in the field.
An analysis of the criterion proposed by Jo et al. ͑2001͒ using a free swell ratio as a surrogate indicator of compatibility showed that the threshold FSR for compatibility depends on the magnitude of the change in k considered acceptable, the quality of the bentonite, and the effective stress. For the specific test results in this study, the criterion proposed by Jo et al. ͑2001͒ was found to be valid provided ͑1͒ moderate changes in k ͑i.e., k / k w Ͻ 10͒ for the GCL are considered acceptable, ͑2͒ the quality of the bentonite in the GCL is such that the montmorillonite content is ഛ77%, and ͑3͒ the average effective stress in the GCL during hydraulic conductivity testing is ജ16 kPa.
